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Abstract	  	   Satellite	  cells	  are	  muscle	  stem	  cells	  and	  are	  located	  in	  an	  anatomically	  defined	  niche	  between	  the	  muscle	  fiber	  membrane	  and	  the	  basal	  lamina.	  Satellite	  cells	  regenerate	  skeletal	  muscle,	  making	  them	  an	  ideal	  candidate	  for	  treating	  muscle	  disorders.	  Cultured	  satellite	  cells	  that	  remain	  in	  contact	  with	  their	  myofiber	  niche	  can	  regenerate	  muscle	  after	  transplantation.	  However,	  when	  satellite	  cells	  are	  removed	  from	  their	  myofiber	  niche	  and	  cultured	  on	  tissue	  culture	  plastic,	  they	  lose	  their	  ability	  to	  contribute	  to	  muscle	  regeneration	  after	  transplantation,	  suggesting	  that	  their	  niche	  influences	  their	  regenerative	  capability.	  Traditional	  tissue	  culture	  plastic	  places	  satellite	  cells	  in	  a	  rigid,	  two-­‐dimensional	  environment	  which	  poorly	  represents	  their	  myofiber	  niche.	  To	  better	  mimic	  the	  myofiber	  niche	  in	  vitro,	  we	  have	  cultured	  satellite	  cells	  in	  hydrogels	  which	  provide	  a	  three-­‐dimensional	  matrix	  with	  muscle-­‐like	  elasticity	  and	  the	  ability	  to	  incorporate	  integral	  niche	  components	  in	  a	  spatiotemporal	  manner.	  	  We	  screened	  satellite	  cell	  niche	  components	  and	  showed	  satellite	  cells	  are	  viable,	  able	  to	  expand,	  and	  maintain	  Pax7	  expression	  during	  four	  days	  of	  culture	  inside	  hydrogels.	  Future	  transplantation	  experiments	  will	  determine	  the	  ability	  of	  satellite	  cells	  cultured	  in	  hydrogels	  to	  regenerate	  muscle.	  	  
INTRODUCTION	  Skeletal	  muscle	  is	  the	  most	  abundant	  tissue	  of	  the	  body	  and	  is	  responsible	  for	  mechanical	  mobility	  (1).	  Muscle	  is	  made	  up	  of	  bundles	  of	  fibers	  known	  as	  myofibers,	  which	  contain	  the	  contractile	  machinery	  necessary	  for	  movement.	  Fibers	  are	  constantly	  under	  stress	  from	  muscle	  contraction	  and	  can	  be	  damaged	  by	  exercise,	  disease	  or	  injury.	  Myofibers	  are	  unable	  to	  regenerate	  themselves	  in	  order	  repair	  damage	  because	  they	  are	  terminally	  differentiated,	  multinucleated	  cells	  (2).	  However,	  a	  group	  of	  cells	  termed	  satellite	  cells	  play	  a	  key	  role	  in	  muscle	  regeneration	  (3,	  4).	  	  Satellite	  cells	  were	  discovered	  through	  electron	  microscopy	  in	  1961	  by	  Alexander	  Mauro.	  Mauro	  coined	  the	  term	  satellite	  cells	  because	  of	  their	  peripheral	  location	  between	  the	  muscle	  fiber	  membrane	  and	  the	  basal	  lamina	  that	  surrounds	  the	  fiber	  (5).	  The	  satellite	  cell	  is	  now	  considered	  a	  muscle	  stem	  cell	  because	  of	  its	  ability	  to	  self-­‐renew	  and	  give	  rise	  to	  a	  myogenic	  progeny	  (6,	  7).	  Skeletal	  muscle	  is	  maintained	  by	  these	  stem	  cells	  which	  reside	  in	  a	  niche	  that	  is	  believed	  to	  play	  a	  critical	  role	  in	  regulating	  stem	  cell	  activation,	  proliferation,	  and	  differentiation.	  (2,	  8,	  9,	  10).	  The	  satellite	  cell	  niche	  has	  not	  been	  clearly	  defined;	  however,	  it	  can	  be	  described	  as	  the	  microenvironment	  surrounding	  the	  satellite	  cell	  that	  includes	  the	  extracellular	  matrix	  (ECM),	  other	  cell	  types,	  and	  myofiber	  components	  such	  as	  various	  polysaccharides,	  signaling	  molecules	  and	  structural	  proteins.	  When	  satellite	  cells	  are	  removed	  from	  their	  in	  vivo	  niche	  and	  cultured	  on	  plastic,	  they	  lose	  the	  ability	  to	  engraft	  into	  and	  help	  repair	  an	  injured	  muscle	  (11,	  12).	  This	  hinders	  the	  development	  of	  satellite	  cells	  as	  a	  therapy	  for	  muscular	  disorders	  as	  satellite	  cells	  cannot	  be	  cultured	  for	  expansion	  or	  manipulation	  before	  transplantation.	  
Traditional	  cell	  culture	  places	  cells	  in	  an	  artificial,	  rigid,	  2-­‐dimensional	  (2D)	  environment,	  which	  allows	  only	  a	  portion	  of	  the	  cell’s	  membrane	  to	  interact	  with	  neighboring	  cells,	  while	  the	  rest	  is	  exposed	  to	  the	  culture	  media	  or	  culture	  dish	  (13).	  The	  rigidity	  of	  typical	  tissue	  culture	  plastic	  is	  much	  greater	  than	  the	  rigidity	  of	  muscle,	  so	  the	  satellite	  cells	  experience	  different	  physical	  forces	  that	  can	  affect	  their	  proliferation	  and	  engraftment	  (14).	  To	  overcome	  2D	  culture	  shortcomings,	  polyethylene	  glycol	  (PEG)	  hydrogels	  can	  be	  used	  to	  better	  mimic	  the	  in	  vivo	  three-­‐dimensional	  (3D)	  environment	  (Figure	  1).	  Hydrogels are polymer networks comprised 
of hydrophilic polymer chains that are physically or chemically linked (15). Hydrogels	  are	  ideal	  for	  cell	  culture	  because	  of	  their	  soft-­‐tissue-­‐like	  elasticity,	  ability	  to	  absorb	  water,	  and	  their	  high	  permeability	  (16).	  Furthermore,	  hydrogels	  can	  be	  constructed	  to	  contain	  integral	  membrane	  proteins,	  soluble	  proteins,	  and	  ECM	  components,	  all	  of	  which	  are	  compositional	  hallmarks	  of	  a	  stem	  cell	  niche	  (17).	  	  This	  culturing	  system	  enables	  precise	  modification	  for	  the	  presentation	  of	  physical	  and	  chemical	  signals	  allowing	  for	  investigation	  of	  how	  single	  or	  multiple	  signals	  affect	  cell	  behavior.	  My	  project	  explores	  culturing	  satellite	  cells	  in	  hydrogels	  and	  elucidating	  the	  key	  niche	  components	  that	  maintain	  their	  stem	  cell	  function	  in	  culture.	  	  
	  
	  
Figure	  1.	  (A)	  Cells	  cultured	  on	  2D	  tissue	  culture	  plastic.	  Only	  a	  portion	  of	  a	  cell’s	  surface	  comes	  in	  contact	  with	  the	  plastic.	  (B)	  Cells	  encapsulated	  by	  a	  hydrogel	  that	  provides	  a	  three-­‐dimensional	  matrix	  for	  the	  cell’s	  entire	  surface	  to	  interact.	  	  	  	  
A) B)   
BACKGROUND	  	   Satellite	  cells	  regenerate	  injured	  skeletal	  muscle,	  making	  them	  an	  ideal	  candidate	  for	  treating	  muscle	  disorders.	  For	  example,	  a	  myofiber	  with	  10-­‐20	  resident	  satellite	  cells,	  marked	  by	  β-­‐galactosidase,	  was	  transplanted	  into	  an	  injured	  muscle	  of	  a	  mouse,	  and	  the	  satellite	  cells	  generated	  over	  100	  new	  β-­‐gal+	  myofibers	  (18).	  	  Furthermore,	  a	  recent	  study	  has	  shown	  that	  when	  green	  fluorescent	  protein-­‐positive	  myofibers	  with	  their	  associated	  satellite	  cells	  were	  transplanted	  into	  the	  Tibialis	  Anterior	  (TA)	  muscle	  of	  a	  host	  mouse	  concurrent	  with	  barium	  chloride	  injury,	  the	  TA	  muscle	  increased	  in	  size	  by	  170%	  and	  mass	  by	  50%	  when	  compared	  to	  the	  uninjured	  contralteral	  TA	  muscle	  (19).	  Not	  only	  was	  the	  increased	  size	  and	  mass	  maintained	  throughout	  the	  lifetime	  of	  the	  mouse,	  the	  TA	  muscle	  maintained	  its	  strength	  throughout	  the	  mouse’s	  lifetime	  as	  well	  (19).	  With	  these	  promising	  results,	  a	  remaining	  problem	  is	  that	  if	  the	  satellite	  cells	  are	  cultured	  before	  transplantation,	  they	  generate	  nearly	  70%	  fewer	  myofibers	  than	  satellite	  cells	  not	  cultured	  (11,	  19).	  However,	  recent	  work	  has	  found	  that	  satellite	  cells	  cultured	  on	  fibers	  for	  48	  hours	  are	  able	  to	  efficiently	  engraft	  into	  host	  muscle	  (20).	  This	  suggests	  that	  the	  myofiber	  niche	  plays	  an	  important	  role	  in	  maintaining	  the	  ability	  of	  satellite	  cells	  to	  expand	  and	  engraft	  during	  regeneration	  since	  this	  ability	  is	  reduced	  after	  they	  leave	  their	  niche	  on	  the	  myofiber	  and	  are	  cultured	  for	  any	  amount	  of	  time.	  	  Why	  satellite	  cells	  lose	  their	  regenerative	  abilities	  after	  being	  cultured	  is	  currently	  unknown.	  I	  propose	  that,	  by	  restoring	  myofiber	  niche	  extracellular	  components	  in	  a	  3D	  environment,	  satellite	  cells	  will	  maintain	  their	  engraftment	  capability.	  Previous	  studies	  have	  shown	  that	  culturing	  cells	  in	  a	  3D	  environment	  affects	  cellular	  function	  (13).	  For	  example,	  one	  study	  has	  shown	  that	  when	  neural	  cells	  are	  cultured	  in	  a	  monolayer,	  they	  extend	  their	  processes	  in	  one	  plane	  (13).	  
However,	  when	  they	  are	  cultured	  in	  a	  three-­‐dimensional	  environment,	  they	  form	  neurospheres	  and	  extend	  their	  processes	  in	  all	  three	  dimensions	  (13).	  This	  study	  showed	  that	  the	  dimensions	  of	  the	  culturing	  environment	  can	  affect	  the	  behavior	  of	  cells	  (11).	  Another	  study	  has	  shown	  that	  hematopoietic	  stem	  cells	  (HSCs)	  lose	  their	  self-­‐renewal	  capacity	  when	  cultured	  in	  a	  2D	  environment	  (21).	  However,	  HSCs	  maintain	  their	  self-­‐renewal	  capacity	  when	  they	  are	  cultured	  in	  a	  3D	  culture	  system	  that	  contains	  proteins	  from	  their	  in	  vivo	  niche	  (21).	  Furthermore,	  culturing satellite 
cells for seven days on hydrogels with muscle-like elasticity allows their expansion in 
culture for improved muscle repair post engraftment (14). However, the extent of 
engraftment from satellite cells cultured on hydrogels with muscle-like elasticity was not 
as robust as that of freshly isolated satellite cells (14). In	  attempt	  to	  mimic	  the	  myofiber	  niche,	  we	  use	  a	  similar	  strategy	  to	  these	  approaches,	  incorporating	  ECM	  elements,	  such	  as	  laminin,	  fibronectin,	  heparin,	  fibroblast	  growth	  factor-­‐2	  (FGF-­‐2),	  and	  various	  integrin-­‐binding	  peptide	  sequences	  as	  ECM	  protein	  mimics,	  within	  a	  hydrogel	  for	  three-­‐dimensional	  satellite	  cell	  culture.	  We	  hypothesize	  that	  the	  incorporation	  of	  these	  elements	  will	  promote	  maintenance	  of	  the	  satellite	  stem	  cell	  phenotype	  in	  vitro.	  	  	  	  We	  determine	  the	  phenotype	  of	  satellite	  cells	  by	  immunostaining	  for	  transcription	  factors	  that	  are	  associated	  with	  different	  phases	  in	  myogenesis.	  Pax7,	  MyoD,	  and	  myogenin	  are	  transcription	  factors	  that	  drive	  myogenic	  progression	  in	  satellite	  cells	  and	  enable	  us	  to	  determine	  where	  the	  cells	  are	  in	  the	  myogenic	  process.	  Satellite	  cells	  reside	  in	  a	  quiescent	  state;	  upon	  muscle	  injury,	  they	  activate,	  proliferate,	  some	  self-­‐renew,	  and	  the	  rest	  differentiate	  to	  repair	  damaged	  muscle	  (1,	  8).	  When	  the	  cells	  are	  quiescent,	  they	  express	  Pax7.	  Once	  they	  become	  activated	  they	  co-­‐express	  Pax7	  and	  MyoD.	  Pax7+MyoD+	  satellite	  cells	  give	  rise	  to	  very	  few	  
Pax7+MyoD-­‐	  and	  many	  Pax7+MyoD+	  that	  are	  committed	  to	  differentiation.	  The	  Pax7+MyoD-­‐	  cells	  restore	  the	  satellite	  stem	  cell	  pool	  by	  returning	  to	  quiescence	  through	  an	  unknown	  mechanism	  (1,	  22,	  23).	  After	  the	  Pax7+MyoD+	  cells	  commit	  to	  differentiation,	  they	  terminally	  differentiate	  by	  down-­‐regulation	  of	  Pax7	  and	  up-­‐regulation	  of	  myogenin	  (23,	  24).	  These	  differentiated	  cells	  then	  fuse	  with	  each	  other	  to	  form	  a	  new	  myofibers	  or	  fuse	  to	  pre-­‐existing	  myofibers	  to	  repair	  damage	  (Fig.	  2).	  
	  
	  	   Over	  the	  last	  year,	  I	  have	  worked	  with	  Jennifer	  Bernet,	  a	  graduate	  student	  in	  Dr.	  Bradley	  Olwin’s	  group	  in	  MCD-­‐Biology,	  and	  Dr.	  April	  Kloxin,	  a	  postdoctoral	  researcher	  in	  Dr.	  Kristi	  Anseth’s	  group	  in	  the	  Department	  of	  Chemical	  and	  Biological	  Engineering.	  The	  Anseth	  group	  focuses	  on	  the	  development	  and	  application	  of	  photopolymerizable	  biomaterials,	  such	  as	  hydrogels,	  for	  cell	  culture	  and	  tissue	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Figure	  2.	  Satellite	  cells	  remain	  in	  a	  quiescent	  state	  (Pax7+/MyoD-­‐/myogenin-­‐),	  but	  upon	  myotrauma,	  they	  activate	  and	  proliferate	  (Pax7+/MyoD+/myogenin-­‐).	  Then	  Pax7+/MyoD+/myogenin-­‐	  cells	  can	  either	  self-­‐renew	  by	  down	  regulating	  MyoD	  or	  they	  can	  terminally	  differentiate	  (Pax7-­‐/MyoD+/myogenin+)	  and	  fuse	  together	  or	  with	  the	  injured	  myofiber	  to	  repair	  damage.	  
engineering.	  Together,	  we	  have	  successfully	  encapsulated	  satellite	  cells	  into	  photopolymerizable,	  PEG	  hydrogels	  and	  measured	  cell	  viability	  and	  function	  in	  different	  gel	  conditions	  for	  three-­‐dimensional	  in	  vitro	  culture.	  These	  photopolymerizable,	  step	  growth	  hydrogels	  for	  precise,	  spatiotemporal	  formation	  and	  presentation	  of	  ECM	  cues	  were	  first	  published	  in	  2009	  (25)	  and	  have	  been	  used	  for	  3D	  culture	  of	  valvular	  interstitial	  cells	  (26),	  metastatic	  cancer	  cells	  (27),	  and	  mesenchymal	  stem	  cells	  (28).	  Using	  these	  gels	  for	  understanding	  the	  satellite	  cell	  microenvironment	  and	  directing	  satellite	  cell	  expansion	  in	  three	  dimensions	  is	  novel	  and	  has	  required	  a	  substantial	  amount	  of	  trial	  and	  error. 	  	  
	  
MATERIALS	  AND	  METHODS	  
	  
SC	  Isolation	  for	  Encapsulation	  and	  Seeding	  The	  hind	  limb	  muscles	  from	  3-­‐6	  month	  old,	  B6D2F1	  female	  mice	  are	  removed,	  mechanically	  digested	  with	  a	  scalpel	  blade,	  and	  enzymatically	  digested	  with	  collagenase	  type	  I	  for	  75	  minutes	  at	  37	  °C.	  The	  digested	  muscle	  is	  filtered	  through	  70	  and	  40	  micron	  filters,	  centrifuged	  to	  a	  pellet,	  and	  resuspended	  in	  F12C+15%	  horse	  serum	  (HS)	  media.	  The	  cells	  are	  either	  seeded	  on	  top	  of	  or	  encapsulated	  in	  hydrogels.	  To	  enrich	  satellite	  cells	  for	  seeding,	  they	  are	  added	  to	  the	  top	  of	  a	  40%/70%	  Percoll	  gradient	  and	  centrifuged	  at	  2500	  RPM	  for	  20	  minutes	  to	  isolate	  a	  90%	  pure	  satellite	  cell	  population	  (29).	  	  The	  cells	  collected	  at	  the	  40%/70%	  interface	  are	  seeded	  on	  top	  of	  various	  gel	  constructs.	  	  Before	  encapsulation,	  cells	  are	  pre-­‐plated	  on	  an	  uncoated	  plate	  for	  three	  hours	  to	  remove	  fibroblasts.	  Then	  the	  cells	  are	  transferred	  to	  a	  gelatin	  coated	  plate	  for	  30	  minutes	  and	  then	  transferred	  to	  another	  gelatin	  coated	  plated	  for	  overnight	  incubation	  at	  6%	  O2	  to	  remove	  fibroblasts.	  The	  following	  day	  the	  cells	  are	  counted	  on	  a	  light	  
microscope,	  removed	  from	  the	  plate	  using	  collagenase	  type	  I,	  and	  centrifuged	  to	  a	  pellet.	  The	  cells	  are	  then	  mixed	  with	  6	  wt%	  PEG-­‐peptide	  monomer	  solution	  at	  a	  density	  of	  750,000	  cells/mL.	  After	  niche	  components	  (different	  combinations	  of:	  300	  nM	  laminin,	  300	  nM	  fibronectin,	  0.1	  mg/mL	  heparin,	  1	  mM	  DGEA,	  1	  mM	  IKVAV,	  and	  1	  mM	  RGDS)	  are	  added	  to	  the	  solution,	  the	  mixture	  is	  placed	  inside	  a	  mold	  and	  exposed	  to	  a	  352	  nm	  ultraviolet	  (UV)	  light	  until	  polymerization.	  Once	  the	  gels	  are	  formed,	  they	  are	  placed	  in	  F12C+15%	  HS	  media	  with	  FGF-­‐2	  (1	  ng/mL).	  Finally,	  the	  cells	  were	  fixed	  with	  4%	  parafomaldehyde	  (PFA)	  after	  24,	  48,	  or	  96	  hours	  and	  stored	  in	  1X	  phosphate	  buffered	  solution	  (PBS)	  at	  4	  °C.	  	  
	  
Niche	  elements	  used	  in	  2D	  and	  3D	  Laminin	  and	  fibronectin,	  were	  purchased	  from	  BD	  Biosciences.	  Heparin	  was	  purchased	  from	  Calbiochem.	  Integrin-­‐binding	  peptide	  sequences	  from	  collagen	  (CGDGEAG),	  laminin	  (KKKKCGIKVAV),	  and	  fibronectin	  (CRGDS)	  were	  synthesized	  using	  a	  peptide	  synthesizer	  (Applied	  Biosystems	  or	  Protein	  Technologies	  Inc.)	  in	  the	  Anseth	  lab,	  purified	  by	  HPLC,	  and	  molecular	  weight	  verified	  by	  MALDI-­‐mass	  spectroscopy.	  	  
	  
Immunostaining	  and	  Microscopy	  	  	  The	  following	  primary	  antibodies	  were	  used	  at	  the	  indicated	  dilutions:	  mouse	  anti-­‐Pax7	  (1:5,	  Olwin	  Lab),	  rabbit	  anti-­‐MyoD	  (1:500,	  Invitrogen)	  and	  goat	  anti-­‐myogenin	  (1:500,	  Invitrogen).	  Secondary	  antibodies	  conjugated	  to	  AlexaFluor	  dyes	  (AF	  488,	  555,	  and	  647)	  were	  used	  at	  1:500	  (Invitrogen).	  The	  cells	  were	  imaged	  on	  a	  confocal	  laser	  scanning	  microscope	  (Carl	  Zeiss	  LSM	  710,	  water	  immersion	  20x	  magnification	  with	  N.A.	  1).	  Pax7,	  MyoD,	  and	  myogenin	  expression	  were	  quantified	  via	  manual	  auditing	  with	  ImageJ	  (National	  Institutes	  of	  Health).	  	  
To	  determine	  cell	  viability,	  cell-­‐hydrogel	  constructs	  were	  incubated	  with	  ethidium	  homodimer-­‐1	  (Invitrogen,	  LIVE/DEAD	  Cytoxicity	  Assay)	  for	  25	  minutes	  at	  37	  °C,	  washed	  for	  5	  minutes	  with	  PBS,	  and	  immediately	  imaged	  with	  a	  confocal	  microscope	  to	  assess	  the	  number	  of	  dead	  cells	  (nuclei	  labeled	  red)	  in	  the	  encapsulated	  cell	  population.	  	  	  
	  
	  
Results	  	  
	  
Cell	  Viability	  Post-­‐Encapsulation	  	  
	   During	  an	  encapsulation,	  the	  cells	  are	  exposed	  to	  long-­‐wavelength,	  low-­‐intensity	  UV	  light	  (3-­‐5	  mW/cm2	  at	  365	  nm)	  for	  approximately	  three	  minutes.	  We	  verified	  that	  the	  light	  was	  not	  inducing	  a	  significant	  amount	  of	  cell	  death	  by	  staining	  the	  cells	  with	  ethidium	  homodimer.	  If	  the	  nuclear	  membrane	  is	  compromised,	  then	  ethidium	  homodimer	  enters	  and	  stains	  the	  DNA	  red,	  indicating	  the	  cell	  is	  nonviable	  (30).	  Cells	  isolated	  from	  the	  hind	  limb	  of	  mice	  were	  78%	  viable	  one	  day	  post	  encapsulation.	  	  	  
Preliminary	  Satellite	  Cell	  Encapsulation	  	  
	   Initially,	  we	  encapsulated	  cells	  using	  a	  6	  wt%	  PEG-­‐peptide	  monomer	  and	  a	  fibronectin	  polypeptide	  mimic	  (RGDS).	  The	  cells	  appeared	  to	  differentiate	  and	  form	  clusters;	  however,	  the	  phenotype	  of	  these	  cells	  could	  not	  be	  confirmed	  because	  at	  this	  time	  immunostaining	  was	  unsuccessful	  for	  Pax7,	  MyoD,	  and	  myogenin	  (Fig.	  4).	  	  
	  
Live	  Imaging	  Analysis	  	  
	   Since	  our	  staining	  protocol	  was	  unsuccessful,	  we	  decided	  to	  encapsulate	  cells	  under	  the	  same	  conditions,	  but	  we	  performed	  live-­‐imaging	  on	  the	  cells	  in	  order	  to	  understand	  how	  they	  were	  behaving	  inside	  the	  gels.	  We	  identified	  and	  tracked	  the	  cells	  encircled	  in	  Figure	  5	  because	  they	  were	  extending	  processes	  outward	  (Fig.	  5A).	  	  We	  believed	  these	  could	  be	  satellite	  cells	  differentiating	  and	  forming	  myotubes.	  Eventually,	  we	  improved	  our	  staining	  protocol	  and	  were	  surprised	  to	  observe	  that	  the	  cells	  extending	  processes	  outward	  were	  not	  positive	  for	  myogenic	  markers.	  The	  rounded	  clusters	  of	  cells,	  like	  the	  cluster	  in	  Figure	  5A	  denoted	  by	  the	  arrow,	  were	  positive	  for	  myogenic	  markers	  (Fig.	  5B).	  These	  cells	  clustered	  together	  tightly	  to	  form	  sphere-­‐like	  clusters.	  However,	  we	  were	  uncertain	  whether	  this	  spherical	  clustering	  by	  the	  satellite	  cells	  was	  an	  artifact	  of	  the	  real-­‐time	  imaging,	  being	  immobilized	  inside	  of	  the	  gel,	  or	  improper	  adhesion	  interactions	  between	  the	  cells’	  integrins	  and	  the	  integrin-­‐binding	  sequences	  presented	  in	  the	  gel.	  	  	  
Figure	  4.	  (Left)	  Potential	  multinucleate	  myotube	  formations	  with	  multiple	  nuclei	  (DAPI	  is	  blue).	  (Right)	  Groups	  of	  individual	  cells.	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Satellite	  Cell	  Seeding	  on	  Hydrogels	  	  	   Cells	  were	  cultured	  on	  top	  of	  gel	  constructs	  to	  address	  our	  concern	  about	  whether	  the	  cell	  clustering	  was	  due	  to	  hyperoxia,	  adhesion,	  or	  encapsulation	  artifacts.	  Under	  normoxic,	  non-­‐encapsulated	  conditions,	  satellite	  cells	  formed	  clusters	  similar	  to	  those	  in	  the	  live	  imaging	  analysis	  (Fig.	  6A).	  We	  incorporated	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Figure	  5.	  (A)	  Real-­‐time	  images	  starting	  from	  hour	  18	  to	  hour	  42	  inside	  the	  hydrogel.	  We	  were	  initially	  interested	  in	  the	  cells	  that	  were	  extending	  processes	  out	  over	  time	  (encircled),	  but	  they	  did	  not	  stain	  for	  myogenic	  markers.	  	  Arrow	  denotes	  clustered,	  mononuclear	  cells.	  (B)	  The	  clustered,	  mononuclear	  cells	  stained	  positive	  for	  myogenic	  markers,	  but	  the	  myogenin	  staining	  was	  weak.	  	  
different	  combinations	  of	  laminin,	  fibronectin,	  and	  various	  protein	  mimics	  into	  the	  gels.	  We	  used	  protein	  mimics	  because	  they	  can	  be	  synthesized	  in	  our	  lab,	  they	  are	  less	  expensive	  than	  whole	  proteins,	  and	  they	  can	  be	  cross-­‐linked	  in	  a	  highly	  controlled	  manner	  with	  the	  gel	  matrix.	  Lastly,	  we	  measured	  cell	  binding	  and	  function	  by	  quantifying	  the	  amount	  of	  cells	  attached	  to	  the	  gels	  and	  myogenic	  marker	  expression,	  respectively	  (Fig.	  6B-­‐D).	  The	  laminin	  gel	  condition	  promoted	  the	  most	  cell	  attachment,	  and	  IKVAV	  and	  DGEA	  promoted	  more	  Pax7+-­‐only	  cells	  than	  the	  other	  conditions.	  	  	  	  
	  	  
	  
Figure	  6.	  (A)	  A	  cluster	  of	  cells	  on	  a	  hydrogel	  with	  IKVAV	  incorporated	  (6	  days).	  (B)	  The	  average	  number	  of	  cells	  per	  field	  of	  view	  on	  the	  microscope	  for	  each	  gel	  condition.	  (C)	  The	  average	  number	  of	  colonies	  per	  gel	  condition.	  (D)	  The	  average	  percent	  of	  marker	  expression	  by	  the	  cells	  per	  gel	  condition.	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Satellite	  Cell	  Encapsulation	  	   We	  successfully	  encapsulated	  satellite	  cells	  into	  hydrogels.	  	  The	  cells	  started	  out	  in	  a	  single	  cell	  suspension,	  but	  we	  observed	  clusters	  of	  cells	  after	  one	  day	  in	  culture.	  The	  cluster	  of	  cells	  appeared	  spherical	  and	  grew	  in	  size	  over	  the	  four	  days.	  We	  fixed	  the	  cells	  on	  day	  4	  and	  analyzed	  cell	  phenotype	  by	  quantifying	  myogenic	  marker	  expression	  (Fig.	  7).	  The	  laminin+heparin	  and	  heparin	  gel	  conditions	  maintained	  similar	  myogenic	  marker	  expression	  profiles	  (Fig.	  7B).	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Figure	  7.	  (A)	  A	  Cluster	  of	  satellite	  cells	  from	  a	  hydrogel	  with	  300	  nM	  laminin	  and	  0.1	  mg/mL	  heparin	  incorporated.	  The	  cells	  were	  fixed	  after	  four	  days	  in	  culture.	  (B)	  The	  average	  percent	  of	  marker	  expression	  by	  the	  cells	  in	  each	  gel	  condition.	  	  	  
Discussion	  
Satellite	  Cell	  Seeding	  on	  Hydrogels	  
	   We	  verified	  that	  the	  satellite	  cell	  clustering	  inside	  the	  hydrogels	  was	  not	  an	  artifact	  of	  being	  encapsulated.	  Satellite	  cells	  seeded	  on	  top	  of	  hydrogels	  clustered	  in	  the	  same	  manner	  as	  they	  did	  inside	  the	  gels.	  Theoretically,	  the	  seeded	  cells	  were	  not	  physically	  trapped	  and	  were	  free	  to	  migrate	  over	  the	  entire	  surface	  of	  the	  gel.	  Instead	  they	  remained	  in	  close	  contact	  by	  clustering	  together.	  It	  remains	  unclear	  as	  to	  why	  satellite	  cells	  cluster.	  One	  idea	  is	  that	  the	  cells	  prefer	  interacting	  with	  each	  other	  than	  with	  the	  gel,	  so	  they	  minimize	  there	  interaction	  with	  the	  gel	  by	  clustering	  on	  top	  of	  each	  other.	  However,	  satellite	  cell	  clustering	  may	  be	  a	  natural	  behavior	  since	  they	  have	  been	  shown	  to	  cluster	  on	  myofibers	  in	  vitro	  (22,	  31).	  Further	  exploration	  of	  satellite	  cell	  to	  cell	  interaction	  is	  needed	  to	  explain	  these	  observations.	  	  	   In	  order	  to	  select	  culture	  conditions	  that	  maintained	  cell	  attachment	  for	  the	  encapsulations,	  we	  quantified	  how	  many	  cells	  were	  attached	  on	  top	  of	  each	  gel	  after	  six	  days	  of	  culture.	  Our	  theory	  was	  that	  non-­‐adherent	  cells	  would	  be	  removed	  by	  changing	  the	  media	  once	  per	  day,	  thus	  retaining	  only	  the	  adherent	  cells.	  Based	  on	  the	  average	  number	  of	  cells	  per	  field	  of	  view	  and	  the	  average	  number	  of	  clusters	  per	  gel,	  we	  selected	  the	  optimal	  whole	  proteins	  and	  integrin-­‐binding	  peptide	  sequences	  to	  include	  in	  the	  hydrogels	  for	  satellite	  cell	  encapsulation.	  	  	   	  The	  different	  gel	  conditions	  promoted	  varying	  myogenic	  marker	  expression	  profiles.	  The	  IKVAV	  and	  DGEA	  gel	  conditions	  maintained	  the	  highest	  average	  of	  Pax7+/MyoD-­‐	  cells,	  24%	  and	  24.7%	  respectively.	  	  The	  percent	  of	  Pax7+/MyoD-­‐	  cells	  in	  IKVAV	  and	  DGEA	  gels	  was	  more	  than	  two	  times	  higher	  than	  in	  the	  gel	  with	  no	  epitopes,	  indicating	  IKVAV	  and	  DGEA	  promoted	  Pax7+/MyoD-­‐	  expression.	  	  Between	  
IKVAV	  and	  DGEA	  conditions,	  DGEA	  had	  a	  15%	  higher	  amount	  of	  Pax7-­‐/MyoD+	  cells	  than	  cells	  in	  the	  IKVAV	  gel.	  This	  suggests	  DGEA	  drives	  a	  higher	  percent	  of	  myoblasts	  (Pax7+/MyoD+)	  towards	  differentiation	  than	  IKVAV.	  Next,	  varying	  amounts	  of	  DAPI-­‐only	  cells	  were	  present	  in	  all	  gels.	  DAPI-­‐only	  cells	  are	  either	  non-­‐myogenic	  cells	  or	  they	  are	  Pax7-­‐/MyoD-­‐/myogenin+.	  It	  is	  more	  likely	  that	  the	  DAPI-­‐only	  cells	  are	  Pax7-­‐/MyoD-­‐/myogenin+	  cells	  than	  non-­‐myogenic	  cells	  since	  we	  seeded	  a	  highly	  pure	  satellite	  cell	  population	  across	  all	  gel	  conditions.	  If	  the	  DAPI-­‐only	  cells	  were	  non-­‐myogenic,	  we	  would	  expect	  a	  similar	  amount	  across	  all	  gel	  conditions	  which	  we	  did	  not	  observe.	  However,	  we	  cannot	  say	  with	  certainty	  that	  the	  DAPI-­‐only	  cells	  were	  Pax7-­‐/MyoD-­‐/myogenin+	  because	  we	  did	  not	  stain	  for	  myogenin.	  	  
Satellite	  Cell	  Encapsulation	  	  	   Ultimately	  five	  different	  hydrogel	  conditions	  were	  tested	  for	  encapsulation	  of	  satellite	  cells	  (1.	  laminin,	  2.	  laminin+heparin,	  3.	  laminin+fibronectin,	  4.	  heparin,	  and	  5.	  DGEA+IKVAV).	  Unfortunately,	  only	  data	  on	  conditions	  2	  and	  4	  were	  acquired	  due	  to	  differences	  in	  degradation	  of	  the	  hydrogels	  by	  the	  encapsulated	  satellite	  cells.	  In	  the	  subsequent	  experiment	  with	  conditions	  1,	  3,	  and	  5,	  there	  were	  difficulties	  staining	  clusters	  of	  cells,	  perhaps	  due	  to	  the	  cellular	  modifications	  of	  the	  hydrogels	  or	  changes	  in	  reagents	  for	  fixing	  and	  staining	  the	  encapsulated	  cells.	  We	  are	  currently	  addressing	  our	  immunostaining	  protocols	  to	  increase	  the	  consistency	  with	  anti-­‐Pax7,	  anti-­‐MyoD	  and	  anti-­‐myogenin	  antibodies.	  	  	   Conditions	  2	  and	  4	  promoted	  the	  expansion	  and	  maintenance	  of	  the	  quiescent	  satellite	  cell	  phenotype,	  Pax7+/MyoD-­‐.	  Both	  conditions	  resulted	  in	  more	  than	  20%	  Pax7+/MyoD-­‐	  cells.	  This	  quiescent	  phenotype	  may	  play	  a	  crucial	  role	  for	  satellite	  cell	  engraftment	  as	  past	  work	  has	  suggested	  that	  the	  activated	  phenotype	  
(Pax7+/MyoD+)	  may	  diminish	  regenerative	  ability	  upon	  engraftment	  (11).	  Future	  transplantations	  with	  these	  hydrogel	  cultured	  satellite	  cells	  will	  determine	  their	  engraftment	  efficiencies	  and	  regenerative	  abilities.	  	  
	  
Future	  Directions	  
	   We	  will	  continue	  to	  characterize	  satellite	  cells	  cultured	  in	  our	  current	  hydrogel	  conditions	  while	  exploring	  other	  biological	  signals	  that	  affect	  satellite	  cell	  fate.	  In	  the	  immediate	  future,	  we	  plan	  to	  incorporate	  various	  growth	  factors,	  such	  as	  FGF-­‐2,	  hepatocyte	  growth	  factor,	  and	  insulin-­‐like	  growth	  factor,	  into	  the	  hydrogels.	  	  We	  plan	  to	  inject	  satellite	  cells	  either	  cultured	  on	  top	  of	  or	  inside	  of	  hydrogels	  into	  injured	  Tibialis	  Anterior	  muscles	  of	  mice	  and	  compare	  their	  engraftment	  and	  regenerative	  capabilities.	  We	  anticipate	  that	  cells	  cultured	  in	  this	  system	  are	  likely	  to	  have	  higher	  levels	  of	  engraftment	  compared	  to	  cells	  cultured	  on	  traditional	  plastic	  plates	  or	  to	  cells	  cultured	  on	  hydrogels	  without	  the	  niche	  elements.	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